abstract: Disparities in nutrient content (nitrogen and phosphorus) between herbivores and their plant resources have lately proven to have major consequences for herbivore success, consumer-driven nutrient cycling, and the fate of primary production in ecosystems. Here we extend these findings by examining patterns of nutrient content between animals at higher trophic levels, specifically between insect herbivores and predators. Using a recently compiled database on insect nutrient content, we found that predators exhibit on average 15% greater nitrogen content than herbivores. This difference persists after accounting for variation from phylogeny and allometry. Among herbivorous insects, we also found evidence that recently derived lineages (e.g., herbivorous Diptera and Lepidoptera) have, on a relative basis, 15%-25% less body nitrogen than more ancient herbivore lineages (e.g., herbivorous Orthoptera and Hemiptera). We elaborate several testable hypotheses for the origin of differences in nitrogen content between trophic levels and among phylogenetic lineages. For example, interspecific variation in insect nitrogen content may be directly traceable to differences in dietary nitrogen (including dilution by gut contents), selected for directly in response to the differential scarcity of dietary nitrogen, or an indirect consequence of adaptation to different feeding habits. From some functional perspectives, the magnitude rather than the source of the interspecific differences in nitrogen content may be most critical. We conclude by discussing the implications of the observed patterns for both the trophic complexity of food webs and the evolutionary radiation of herbivorous insects.
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The mismatch in nitrogen content between phytophagous insects and their host plants has been recognized for years as a critical factor influencing herbivore success (Slansky and Feeny 1977; McNeill and Southwood 1978; Mattson 1980; Denno and McClure 1983; Strong et al. 1984; White 1993) . The importance of unbalanced elemental composition between autotrophs and herbivores is also now recognized for aquatic systems (Sterner and Schulz 1998; Elser et al. 2000b) . Stoichiometric imbalance at the base of food webs appears to strongly affect herbivore success (Fox and Macauley 1977; Sterner and Schulz 1998) , consumerdriven nutrient cycling (Pastor et al. 1988; Moen et al. 1998; Elser and Urabe 1999) , and the fate of primary production in ecosystems (Cebrian 1999) . These wide-ranging impacts suggest that it is important to understand better, from both ecological and evolutionary perspectives, the mechanisms underlying variation in the nutrient content of organisms across trophic levels in a diversity of food webs (Sterner and Elser 2002) . In this article, we analyze the distribution of one critical nutrient, nitrogen, across a wide range of herbivorous and predaceous insect species.
On average, the nitrogen (N) and phosphorus (P) contents (expressed as a percentage of dry biomass) of autotrophs (vascular plant foliage, algae) are 10-20 times lower than those of typical herbivores (McNeill and Southwood 1978; Mattson 1980; Elser et al. 2000b ). Because of the long history of research in plant nutrition, foliar N content is known to vary with plant-and environmentrelated parameters like plant taxon, tissue, growth form and size (Mattson 1980; Strong et al. 1984; Nielsen et al. 1996) , soil nutrients (Marschner 1995) , light intensity (Greenwood 1976) , and atmospheric CO 2 (Curtis and Wang 1998) .
Much less is known about the biological determinants of the nutrient content of metazoan consumer taxa. At the physiological level, herbivorous insects maintain a relatively tight homeostasis in body elemental composition (Fox and Macauley 1977; Slansky and Feeny 1977) . For example, cabbage butterfly larvae fed low-N plants consumed food faster and utilized N more efficiently than larvae fed high-N plants (Slansky and Feeny 1977) . As a result, rates of growth and N accumulation were as high on plants containing 1.5% N (dry wt) as they were on plants with 4.8% N. Similarly, for the aquatic crustacean Daphnia, body N and P contents changed little when animals were fed nutrient-rich food or were starved (Andersen and Hessen 1991) . However, more recent data indicate that aquatic herbivores may not maintain an entirely strict homeostasis in which body elemental composition shows no change in response to variation in food nutrient content. For instance, in another study of C and P balance in Daphnia, body P content declined, but only modestly (by ∼20%-30%), when animals were fed diets with greatly reduced (20-fold lower) P content (DeMott et al. 1998 ). The general view that has emerged from studies of phytophagous insects and aquatic herbivores is that individual animals actively regulate body elemental composition but that this regulation may not produce strict homeostasis (Elser et al. 2000b; Sterner and Elser 2002) .
Among-taxa variation in nutrient content is especially poorly understood. In a recent survey (Elser et al. 2000b) , body N and P contents of herbivorous insects, like those of crustacean zooplankton, were shown to vary threefold and eightfold, respectively, across taxa. However, the ecological and evolutionary determinants of such variation are not known. For example, we know little about the dependence of animal nutrient content on trophic level. In lakes (Sterner and Elser 2002) , P content appears to increase consistently from autotrophs (P-limited phytoplankton) to herbivores (crustacean zooplankton) to planktivorous predators (fishes). Nothing is known, however, about the relationship between trophic position and nutrient content in insect communities.
The rates and correlates of evolutionary change in animal elemental composition are also little examined. Essentially, the only hypothesis that has been critically examined involves the link between body P content and growth rate in crustacean zooplankton (the "growth rate hypothesis"; Elser et al. 1996 Elser et al. , 2000a Vrede et al. 1998 ). Other nutrients, animal groups, and questions remain unexamined. For example, the relationship of nutrient content with life-history features such as body size or dispersal ability is unknown. A fundamental issue is that we do not know how readily body elemental composition can be altered by natural selection. One might expect use of a nutrient-poor food source to select for lowered body content of-and hence requirement for-the limiting nutrient (Markow et al. 1999; BaudouinCornu et al. 2001) . For example, we might expect herbivorous insects to evolve lowered N content when consuming plant material with severely low N content. Alternatively, total body elemental composition may reflect so many independent features of biochemistry or body plan that phylogenetic constraints thwart adaptation to differences in nutrient availability.
In this article, we analyze the data set compiled by Elser et al. (2000b) , supplemented with additional data gathered since then, to evaluate the contributions of several ecological and evolutionary factors (trophic level, feeding style, body size, and phylogeny) to variation in the body N content of terrestrial insects. To our knowledge, this is the first analysis of its kind. The analysis reveals marked differences in N content between trophic levels (herbivores vs. predators) and among major phylogenetic lineages. The patterns appear robust to possible contributions of allometry and ontogeny. We outline several hypotheses for the source of the patterns of N content and discuss their possible significance for the structure of food webs and the evolution of insect herbivores and predators. Regardless of its mechanistic underpinnings, the interspecific variation in insect nitrogen content that we report may be important from functional perspectives, in that insects may constitute strikingly heterogeneous packets of nutrients for their consumers or decomposers.
Methods

The Data Set
Data for the N content of terrestrial insects (143 species), aquatic insects (nine species), and spiders (two species) were compiled from 31 published and unpublished sources. We use the term "percent N content" to describe N content as a percent of dry body mass. In all, N data were available for 152 species of insects distributed in 131 genera, 65 families, and nine orders (Ephemeroptera, Odonata, Orthoptera, Mantodea, Hemiptera, Coleoptera, Hymenoptera, Diptera, and Lepidoptera). Nitrogen data were also obtained for two spider species in two separate families. When multiple observations were available for a single species, they were averaged before analysis. This procedure reduced the total number of measurements (334) down to 154, the total species count. In addition, data on trophic position (herbivore vs. predator/parasitoid), developmental stage (adult vs. nymph or larva), adult body length (mm), and taxonomy were scored for each species. Insects were sorted into trophic groups, resulting in 119 species of herbivores and 33 species of predators/parasitoids. With one exception, four species of neoconocephaline grasshoppers (Orthoptera: Tettigoniidae), omnivores (e.g., crickets and cockroaches) were excluded from our analysis. We scored these omnivorous grasshoppers as predators because, although they may feed substantially on plant tissue, existing data suggest that they cannot complete development in the absence of animal prey (R. F. Denno, unpublished data). A complete summary of the data set, including original citations, can be obtained on the web at http:// www.nceas.ucsb.edu/ecostoichiometry.
Nitrogen Content across Trophic Levels
One of our central aims was to test the hypothesis that insect N content is a function of trophic position. Given the well-known increase in N content from autotrophs to herbivores (e.g., McNeill and Southwood 1978), we postulated that N content would also increase in the step from herbivores to predators. To test this hypothesis, we must distinguish the influence of trophic level on among-species variation in N content from the potential influence of body size. We also must account for variation in N content stemming from unspecified differences correlated with phylogeny for two reasons. If either trophic level or N content are significantly conserved during phylogenesis, treating species' values as independent data points would overestimate the degrees of freedom available for testing the association of N content with trophic level per se (Felsenstein 1985) . Conversely, failure to correct for phylogeny could obscure an actual correlation with trophic level (Harvey and Pagel 1991) .
Trophic level is strongly conserved among insects, with members of many genera, families, and sometimes orders all inhabiting the same trophic level (Southwood 1973; Strong et al. 1984) . Phylogenetic patterns in N content are heretofore unstudied among insects. Our initial mappings of N content onto cladograms suggested some conservation of nutrient content within clades consisting entirely of herbivores or predators. For example, within the acridid grasshoppers, a strictly phytophagous group, N contents for the genus Melanoplus (seven species represented) are all above 10% ( ), while those in Schistomean p 11.40% cerca (three species) are all below 10% ( ). mean p 9.31% However, N content appears much more evolutionarily variable than trophic level, and our subsequent analyses (see "For Herbivores, Nitrogen Content Varies among Major Insect Lineages") suggest that it evolves within relatively loose phylogenetic constraints.
We used three approaches to account for possible phylogenetic nonindependence among species' N content values while testing for differences between trophic levels. All methods were based on the principle of phylogenetically independent contrasts (Felsenstein 1985) but represent different points on the spectrum of trade-offs between stringency of correction for similarity of N content due to common ancestry and potential statistical power (Mazer 1998; Ackerly 1999) . Exploration of this range of tradeoffs was motivated by the apparent weakness of phylogenetic conservation of N content.
The first analysis partitioned species into a set of ordinal-level groups, each containing at least one phylogenetically independent contrast between herbivores and predators. These groupings corresponded to a single order in the case of Hemiptera, Coleoptera, and Hymenoptera, all of which were represented in our data set by both herbivores and predators. Orders represented by only one trophic level in our database were combined with all or part of a phylogenetically adjacent order, following the phylogeny of Kristensen (1991; see also Wheeler et al. 2001) , to achieve contrasts. Specifically, we combined the exemplars of Ephemeroptera and Odonata into the contrast group Palaeoptera, Mantodea and Orthoptera to form the contrast group Lower Neoptera, and Lepidoptera and Diptera to form the contrast group Panorpida.
We then performed ANOVAs to test for differences in N content between herbivores and predators (trophic level) while controlling for contributions from ordinal grouping as defined above and from adult size (log 10 -transformed body length measured in millimeters). First, we performed a simple two-way factorial ANCOVA with trophic level and ordinal grouping as factors and body length as a numerical covariate. As alternative analyses, we used general linear modeling to conduct a series of sequential ANCOVAs in which we first accounted for variation attributable to allometric and/or phylogenetic sources. In each case, we then used the residuals from the first step as the dependent variable in a second step, in which one or more factors, but always trophic level, appeared. Such sequential ANCOVAs treat trophic level more severely than the preceding twoway ANCOVA because they give complete priority to the model terms appearing in the first step, leaving only the variance unexplained from that ANCOVA for use in the step involving trophic level. We explored 2 different sequential ANCOVA models. The first was as follows: step 1: ordinal grouping, step 2: trophic length; the level ϩ body second, step 1: ordinal length, step 2: grouping ϩ body trophic level. In all cases, percent N (%N) data were subjected to angular transformation before analyses.
The foregoing analyses correct for mean differences in %N among ordinal-level groupings but treat species' values within these groupings as independent. Our second approach to correcting for phylogeny focused instead on conservatism at the level of insect families. To do this, we reduced the data set to a single median %N and body length value for each family and then repeated the sequence of factorial and sequential ANCOVAs described above. This analysis corrects for differences among families but ignores any phylogenetic conservatism above or below this level.
Our third approach accounted for the phylogenetic contribution to species' similarities at all levels by assembling To obtain a single measure of the evolutionary response in N content for each contrast in trophic level, the median %N for herbivore species was subtracted from the median for predators, yielding the measure . To take account of the potentially D%N(P Ϫ H) confounding influence of body size, we calculated a corresponding difference in median body length between predators and herbivores for each contrast, denoted . Dbody length(P Ϫ H) Additional analyses attempted to control for several potential artifacts of data or analysis. We reran the above analyses using %N itself rather than its angular transform. We also completely repeated our analyses after eliminating the nine freshwater insects in the database to determine the effect of restricting consideration to terrestrial species. This latter group of analyses completely eliminated the ordinal group Palaeoptera.
Phylogenetic Conservation of Nitrogen Content among Herbivores
To understand variation in N content, it would be useful to characterize its intrinsic degree of evolutionary conservation, independent of its correlation with hypothesized selective factors such as trophic levels. We used two different types of analyses to assess the taxonomic scale, if any, over which %N showed significant correlation with phylogeny. These analyses were restricted to herbivores, which comprised nearly 80% of our database. First, to test for correlation with phylogeny at a broad scale, we recast the first analyses described earlier using our "ordinal groupings" as a predictive variable rather than merely controlling for their possible influence. We performed two standard ANCOVAs and a sequential ANCOVA. We used two ANCOVA models: ordinal length and ordinal grouping ϩ body grouping ϩ length. The body length ϩ ordinal grouping # body model for the sequential ANCOVA was as follows: step 1: body length, step 2: ordinal grouping. We used all three models on both the species-level and the family-level data , 1987 McAlpine 1989; Russo et al. 1995; Pitnick et al. 1997; Yeates and Wiegmann 1999 10 Diptera: Acalyptratae 9 Diptera: Drosophilidae: Drosophila 7 Lepidoptera Kristensen and Skalski 1999; Lemaire and Minet 1999; Mitchell et al. 2000 29 Lepidoptera: Noctuoidea 14 Note: To avoid repetition, references needed to build the tree for each ordinal group are listed under the coarsest taxon only.
sets to determine whether differences among families might be the source of any broader-scale pattern detected. Second, to search for phylogenetic pattern at a much finer scale, we mapped %N onto recent phylogenies for the insect orders for which our database included at least 10 herbivore species. The significance of correlation with phylogeny was assessed using the PTP permutation test of Faith and Cranston (1991) , as implemented in PAUP * 4.0b8 (Swofford 2001) . Each test was based on 500 permutations of the character state distribution across species. For each group we used an ordered, integer coding obtained by dividing the range of %N values, both on the original scale and after angular transformation, into 10 equal intervals. We did this because PAUP does not allow for continuous coding, and 10 is the largest number of ordered states it conveniently accommodates. Table 2 outlines the groups examined.
As a check on the sensitivity of PTP analyses for %N given our relatively small data set, we also tested for correlation of trophic level with phylogeny within the three groups for which we had substantial numbers of both predators and herbivores (i.e., Hemiptera, Coleoptera, Diptera). To test the possibility that advanced members of the large phytophagous clade Lepidoptera might have lower N than primitive ones (see "Discussion"), we tested the difference between the three recorded representatives of the more primitive lineages of Ditrysia and the 26 members of the advanced clade Obtectomera/Macrolepidoptera (Kristensen and Skalski 1999) using the permutationbased Mann-Whitney U-test (Sokal and Rohlf 1995) .
Influences of Gut Contents and Life Stages
We also addressed the possibility that the nutrient content of food material in insect guts could influence whole-body N-in particular, that the low N content of terrestrial foliage (Elser et al. 2000b ) may disproportionately dilute estimates of the whole body N content of herbivorous species relative to predaceous species. We also considered whether dilution by gut contents could lead to patterns among herbivore taxa. To explore these issues, we obtained %N data for adult acridid grasshoppers Orphulella pellidna and late instar caterpillars of the sphingid moth Manduca sexta. Dry weight and N content were recorded separately for well-fed and intact specimens, gutted specimens, gut contents, and feces. These data yielded estimates of gut content mass as a percentage of total body mass and the percentage by which N-poor gut contents could dilute estimates of whole body N content. In addition, we used these data to quantitatively evaluate the extent to which extreme differences in the N content of these insects' diets could account for observed interspecific differences in N content. We supplemented these laboratory studies with literature searches to identify broader patterns in the contribution of gut material to total dry mass.
The final factor we explored was the potential influence of developmental stage on patterns of herbivore N content. In particular, we were concerned that differences among lineages might be influenced spuriously by the relative dominance of different life stages within different insect orders in the database. For example, orthopteran data were predominantly from adult insects, whereas lepidopteran data were predominantly from larvae. We addressed this issue in several ways. First, we restricted the database to those records arising from adult terrestrial insects and redid the species-level and family-level ANCOVAs outlined above to test for effects of trophic level and ordinal grouping (available data restricted this to four ordinal groupings only). Second, we reincluded records from immature spec- imens and used two-way ANOVA with developmental stage (adult vs. immature) and ordinal group (available data restricted this to Orthoptera vs. Lepidoptera only) as factors to test for differences in N content. To maximize our sample size for this analysis, we assigned data points to immature or adult categories without regard to species identity. In a subsequent analysis, we used paired t-tests to identify potential differences within species across developmental stage for the one lepidopteran and three orthopteran species for which both adult and juvenile N measurements were available.
Results
Predaceous Insects Have Higher Nitrogen Content than Herbivorous Insects
This signal ( fig. 1 ) persists after the effects of phylogenetic lineage and body size are accounted for in several ways and probably does not reflect dilution by gut contents (see data on gut contributions below). Across all species, herbivores averaged 9.65% ‫51.0ע(‬ SE) N by mass, whereas predators averaged 11.03% ‫)02.0ע(‬ N, a 15% increase in proportional terms. In the two-way ANCOVA, the main effect of trophic level was highly significant (  ; table 3 ). Within or-P ! .001 dinal groups, mean predator N content always exceeded the corresponding herbivore mean. Within-group mean differences ranged from 0.52% (Lower Neoptera) to 2.20% (Palaeoptera), with a mean within-order difference of 1.34%. Eliminating the four species of omnivorous neoconocephaline grasshoppers increased the Lower Neopteran difference to 1.02%. Herbivorous insects were also found to have significantly lower N content than predators in each of the alternative analyses involving sequential ANCOVAs, which first controlled for contributions of ordinal group and/or body length before testing for an effect of trophic level (table 3) .
It was important to control for body length in these analyses because allometric changes in body N were a statistically significant source of variation in the data set (table  3) . This was most true for predators, where we found a significant positive relationship between body N content and body length ( , %N p 1.49 # log body length ϩ 9. and predator regressions were not significantly different from one another.
Mean N content of predaceous insects continued to exceed that of herbivores when we further controlled for phylogeny by using family-level medians (within ordinal groups) as the dependent variables ( fig. 1B) . Across all orders, both herbivore and predator mean N contents decreased slightly when using family-level data (to 9.54% ‫12.0ע[‬ SE] and 10.82% ‫,]72.0ע[‬ respectively). The difference across trophic levels, though somewhat smaller, remained significant in both factorial and sequential ANCOVAs (table 4) . Within-ordinal group means of trophic-level differences ranged from 0.28% (Coleoptera) to 2.01% (Palaeoptera), with a mean within-group difference of 1.12%.
An even more rigorous control for phylogeny, using a maximal number of independent contrasts regardless of taxonomic level, yielded similar results. Across these contrasts, we found no significant dependence of the difference in median N content between trophic levels on the corresponding difference in median body size ( fig. 3) . Across contrasts, the median %N of predator taxa consistently and significantly exceeded that of corresponding herbivore taxa (paired , two-tailed , t p 2.46 P p .030 12 one-tailed ). On average, predators were 0.75% P p .015 ‫03.0ע(‬ SE) richer in N than the corresponding herbivores, and in only two of 13 cases (both in beetles) did %N of predators fail to exceed that of herbivores (see fig. 3 ). Substituting means for medians throughout this comparative analysis had no qualitative impact on either the regressions or the paired t-test results.
Other attempts to trim the compiled database also failed to eliminate the trophic signal. For example, eliminating nine freshwater insects and/or four orthopterans that were omnivorous rather than strictly predaceous had no qualitative effect on any of these tests, neither did using raw %N as the response variable instead of its angular transformation.
For Herbivores, Nitrogen Content Varies among Major Insect Lineages
Using species level data, we found that two different ANCOVAs (using first body length as a covariate and then both body length and a body group inlength # ordinal teraction as covariates) revealed a significant difference in N content among ordinal groups of herbivorous insects ( for both; table 5). These qualitative results did P ! .001 not depend on inclusion of the aquatic species. Plotting N content on the ordinal-level phylogeny ( fig. 1A) suggests a phylogenetic trend toward decreasing %N, particularly when only terrestrial taxa are considered. For example, the most recently originated orders Lepidoptera and Diptera (ordinal group Panorpida) exhibited significantly lower N content (8.38% N) than the older orders Coleoptera (10.1% N) and Hemiptera (9.9% N), while these in turn are sig- N; fig. 1A ).
When family median was used as the response variable in the simpler ANCOVA (with body length as a covariate), the phylogenetic signal remained significant ( ; ta-P p .034 ble 5), with the ordinal group means changing only slightly. Post hoc pairwise comparisons again highlighted the difference between Panorpida and more ancient lineages ( fig.  1B) . A sequential ANCOVA in which the first step gave precedence to effects of body length also indicated a significant effect of ordinal group within the residuals (table  5) . A factorial ANCOVA in which the interactive effect body group appeared failed to indicate a siglength # ordinal nificant effect of ordinal group; however, the interactive covariate did not provide a significant effect.
In contrast to the marked phylogenetic signal at the ordinal level and above, we found little evidence for phylogenetic conservatism of N content at lower taxonomic levels. The PTP tests for phylogenetic structure were carried out on herbivore %N, with and without angular transformation, within 11 insect orders or subgroups thereof. Significant correlation with phylogeny was found only for the Acrididae ( ), with essentially the entire signal P p .04 resting on the low N values in the Cyrtacanthacridinae (three of which were species of Schistocerca) and the other three subfamilies represented in the database. The only other comparisons to approach significance were the PTP test on dipteran herbivores ( ) and the two-sample P p .11 permutation (Mann-Whitney) test of primitive versus advanced ditrysian lepidopterans (.05 ! P [two-tailed] ! ). In contrast, the distribution of trophic level (herbiv-.10 ory vs. predation) was significantly correlated with phylogeny in Coleoptera ( ) and Diptera ( ) and P p .03 P p .01 nearly so in Hemiptera ( ). P p .06 Restricting the database to records from adult terrestrial insects yielded results similar to those of the database as a whole ( fig. 4A, 4B) . Specifically, we found that the effects of trophic level and ordinal grouping both remained significant when analyses were conducted at the species level, but when using family medians, the effect of trophic level was significant but the effect of ordinal grouping was not significant (table 6) . Nitrogen content did not differ between adult and immature developmental stages within the two orders in which these were compared ( fig. 4C) figure 1A when only adult terrestrial insects were analyzed. Herbivore groups not sharing letters above their bars were judged significantly different by ANCOVA. B and C compare nitrogen content of immatures and adults within Orthoptera and Lepidoptera. B assigns species to a developmental stage even if both stages are not represented in the database, whereas C presents mean ‫%59ע(‬ confidence interval) using paired data for those species for which both immature and adult specimens are represented. Dotted line is a 1 : 1 slope. Orthoptera: Sa (Schistocerca americana), Ma (Melanoplus angustipennis), Mp (Melanoplus packardii). Lepidoptera: Ms (Manduca sexta). ). However, immature specimens of each of the four P 1 .07 species contained slightly less N than conspecific adults. On average, the intraspecific difference in N content between adult and immature stages was 0.33% ‫21.0ע(‬ SE; fig. 4D ). Overall, life stage differences appear unlikely to drive the emergent differences in N content among ordinal groups discussed above ( fig. 1) , such as the difference in N content between the Lower Neoptera and the Panorpida.
Effects of Gut Dilution on Trophic Comparisons
Total body N contents for dissected specimens of the orthopteran Orphulella pelidna and the lepidopteran Manduca sexta were 11.83% ‫61.0ע(‬ SE) and 9.27% ‫,)73.0ע(‬ respectively. Gut contents accounted for 14.5% ‫)4.2ע(‬ and 25.5% ‫,)3.1ע(‬ respectively, of total dry mass and had N contents of 8.01% ‫)59.0ע(‬ and 4.02% ‫.)31.0ע(‬ The value for M. sexta in this study (25.5%) is consistent with values reported previously by Reynolds et al. (1985) .
Can dilution by gut material account for the difference in total N content between predators and herbivores (average 1.38% N)? We evaluated this effect by calculating the percent N of the body excluding contributions from gut material. For predators, gut material is unlikely to affect total N content strongly, both because the material consists largely of other insects (N content between 9.5% and 11%) and because it is likely to comprise a small fraction (!10%) of total dry mass (e.g., Cain et al. 1995) . Thus, a conservative assumption is that the N content of predator carcasses (excluding gut content) is the same as average total body N content (11.07%). For herbivores, additional calculations are possible using the data on gut material reported above. An average herbivore (total body N of 9.65%) with gut material like that in Orphulella would have a carcass N content (excluding gut material) of 9.94% (i.e., carcass ). And an av-%N p [9.65 Ϫ 0.15 # 8]/0.85 erage herbivore with gut material like that in Manduca would have a carcass N content of 11.53%. Thus, whether dilution by gut material accounts for the difference in N content between trophic levels depends on the nature of the gut material. That is, gut material like that in Orphulella accounts for only 20% of the 1.38% difference between trophic levels, whereas gut material like that in Manduca more than accounts for the difference between trophic levels. Unfortunately few published data are available for evaluating whether the average herbivorous insect has gut contents more like those of Ophulella or Manduca. Gut material comprised 14.7% of dry mass in nymphs of three species of Plecoptera (two omnivores and one detritivore; Cain et al. 1995) and about 10% of dry mass in larvae of the herbivorous lepidopteran Hemileuca lucina (Saturniidae; Bowers et al. 1991) . These data suggest that other herbivorous insects have gut contents more like those of Orphulella than Manduca. However, additional work evaluating this factor clearly would be desirable.
Discussion
Our analyses revealed a striking divergence in N content between insect herbivores and predators. We also found significant differences in N content among the major lineages of herbivores in the data set, with recently derived groups, most notably the Panorpida (a monophyletic group that includes the Diptera and Lepidoptera from our data set plus other taxa not represented), having lower N content than more ancient groups such as the orders Orthoptera and Hemiptera. In what follows, we outline a series of hypotheses concerning the origin and implications of the persistent difference in body elemental composition between predaceous and herbivorous insects. Subsequently, we discuss the phylogenetic signal in depth, outlining possible connections between changes in body nitrogen content and the evolutionary diversification of insects.
Why do predaceous and herbivorous insects differ in body N content? We have identified explanations that fall into five broad categories. First, the difference may reflect allometric effects, phylogenetic influences, or other, unrecognized biases within the database. Second, differential body composition may reflect the net developmental outcome of differential nutrient availability from herbivory versus predation. In other words, predators may have higher body N than herbivores simply as a consequence of eating higher-N food than herbivores. Third, differential body composition may be selected for directly (in herbivores, predators, or both) in response to the differential scarcity of dietary N. For example, herbivores might be able to adapt to low-N food by substituting low-N materials for high-N materials in constructing some body parts. Fourth, differential N content may be an indirect consequence of adaptation to different trophic habits. For example, herbivory and predation might select for different allocations to muscle versus other, lower-N structures. The third and fourth classes of explanations need not be mutually exclusive. The fifth explanation, in contrast, is distinct. Under this scenario, higher N in predators may reflect sequestration or other adaptive (or maladaptive) responses to problems created by a dietary N supply that exceeds their needs. We discuss these five possibilities in turn.
Methodological Issues and Potential Artifacts
Data compiled for macroecological studies present different analytical challenges from those obtained through controlled experiments (Blackburn and Gaston 1998). As we tested for trophic and phylogenetic signals in the data set, we sought to quantify and account for as many extraneous sources of variability as possible. One potential artifact arises from the haphazard taxonomic distribution of currently available %N values. Strong phylogenetic constraints on N content at lower taxonomic levels would invalidate analyses that offer the greatest potential statistical power because they treat species-or family-level data within trophic levels and within broader lineages as independent. Our permutation tests, however, showed that phylogenetic conservation of N content within and among related families is weak to nonexistent, supporting the use of those more powerful analyses. The emergence of N content as an evolutionarily labile trait does not itself seem to be an artifact of sparse representation of species. Indeed, the same data set strongly supports the nonrandom phylogenetic distribution of predation versus herbivory. In future studies, it will nonetheless be desirable to control for phylogeny, particularly as phylogenetic signals are clearly evident at the broadest scale. In addition, obtaining %N in a taxonomically deliberate fashion would greatly increase the efficiency of the statistical design. For example, the number of independent contrasts available for testing the difference between trophic levels could be increased from 13 to 20 with the addition of just seven species (e.g., predaceous or parasitic members of the largely herbivorous Lepidoptera, herbivorous members of the largely predatory Coccinellidae).
Observer bias caused by differences in analytical methods for different sets of data is unlikely to be responsible for the observed trends. First, it is general practice in analysis of N content in biological materials to include internal standards from either the National Institute of Standards and Technology (NIST) or commercial suppliers having rigorous internal calibrations. Thus, analytical procedures can easily diagnose over-or underestimates of sample N content. Second, few methods for N analysis of biological materials exist. Essentially, there are two: the most widely used method, the dry Dumas combustion method, and a method involving wet digestion of material followed by colorimetric analysis (Kjeldahl method). These methods have been extensively cross-correlated and show excellent correspondence (Perez et al. 2001; Watson and Galliher 2001) .
Changes in Body Nitrogen Composition of Individuals as a Consequence of Diet
Dietary N availability may directly influence body N content of individual insects. We see two related mechanisms by which such an effect could occur. First, insects eating N-poor foods may have low total N content as a result of dilution by low-N gut material. Differential dilution by gut contents as a function of body size may also contribute to the different allometric responses between herbivores and predators ( fig. 2) . Overall, our laboratory analyses of two species suggest that gut dilution may contribute to, or potentially even explain, the differences observed between herbivores and predators and among herbivore lineages. However, the trophic and phylogenetic signals largely persisted when we restricted our analyses to adult insects only ( fig. 4 ; table 6), which should have reduced any contribution that the potential for disproportionately large gut volumes among larval holometabolous insects may have made to the initial patterns we observed (see Dow 1986 for an overview of comparative insect gut structure and function). Nevertheless, given the small sample sizes involved in the laboratory analyses and the adults-only database, the issue needs to be clarified by additional work on other species. Future efforts could also standardize effects of gut-dilution across species by using only specimens with voided or excised guts. In one sense, this gut-dilution hypothesis could be viewed as a kind of methodological artifact. However, when insects are viewed from a functional perspective (i.e., as nutrient recyclers or food for other consumers), it is the entire nutrient packet that matters, and this may weaken the need to distinguish between gut material and body tissues. Our database suggests that, on a per unit mass basis, whole animal nitrogen content may vary as much as 2.3-fold among insect species, with differences among individuals approaching threefold. Thus, a bird feeding on high-N insects, like dragonflies or coccinellid beetles, may enjoy a substantially enhanced rate of nutrient intake compared with a bird gleaning caterpillars with large amounts of leaves in their guts. Likewise, as a result of the variation in the nutrient content of the packet, dead insects from different species may diverge considerably in the degree to which they represent a local resource pool for decomposers. In contrast, other functional issues require that the distinction between gut contents and body tissues be maintained. For example, stoichiometric principles (Sterner and Elser 2002) dictate that interspecific differences in the N content of herbivore body tissues would translate into differential withdrawals of nitrogen from the plant trophic level to form the insect bodies. Put simply, interspecific differences not attributable to gut dilution would mean that it takes less nitrogen to build a kilogram of, say, noctuid moth tissue than it does to build a kilogram of acridid grasshopper tissue. Thus, not just the abundance but also the biochemical makeup of the insect herbivores in a community would have the potential to influence nutrient turnover rates.
Second, and regardless of the diluting effects of gut material, individuals eating low-N foods may have lower N content in all body tissues than conspecifics with access only to high-N foods. If so, higher tissue N content in predators may directly reflect higher dietary N availability rather than evolutionary shifts in body composition (see below). Evaluating this possibility boils down to examining the degree of intraspecific or intraindividual homeostasis in tissue N content, as discussed earlier. Whether plasticity in body N content accounts for the systematic difference between predators and herbivores could be addressed experimentally by comparing individuals from omnivorous species forced to be exclusively predaceous or herbivorous.
Evolutionary Shifts in Body Nitrogen Composition in Response to Diet
An intuitively appealing explanation for the lower N content of herbivore bodies is that, as an adaptation to chronic fitness limitation by dietary N, herbivorous insects have evolved a lower dependence on N for the construction of one or more body constituents. A complementary hypothesis is that predators might have evolved to make greater structural use of N because it is in relatively greater supply in their diets. Such shifts may also contribute to the potential differential dependence of %N on body length for predators and herbivores ( fig. 2) . A definitive test of such hypotheses will require detailed dissection and comparison of the distribution of N content across the biochemical pools and anatomical structures of herbivorous and predaceous insects. Where such evolved differences might lie is at present entirely unexplored, but several levels at which evolution could modify N content are conceivable. At the level of building-block monomers, selection could potentially act on the variation in N content within structural classes of amino acids and perhaps even nucleotides (especially rRNA). Indeed, recent work on the elemental composition of proteins from Escherichia coli and Saccharomyces cerevisiae suggests that protein composition can evolve in response to shortages of particular elements (Baudouin-Cornu et al. 2001) . At the tissue level, trade-offs may be possible between macromolecules that contain more or less N. For example, selection might modify the ratio of protein (typically ∼17% N) to chitin (2.3% N) in insect cuticle, which typically ranges from 4 : 1 to 1 : 1 (Chapman 1982) . At the level of the entire body plan, selection might modify the relative allocations to muscle, cuticle, fat body, and other tissues, all of differing N content.
Particularly at higher levels of organization, it may be difficult to distinguish between the effects of selection directly on nitrogen content and indirect effects resulting from selection on functional morphology. For example, predators may allocate more resources to muscle than do herbivores as a means of capturing or overpowering their prey. Increased allocation to muscle would tend to increase total body N content. In this instance, selection on elemental composition per se and selection on function are mutually reinforcing. In other instances, these selective forces could conflict. For example, selection for lower N requirement in herbivores could favor less allocation to muscle and exoskeleton but be opposed by selection for greater allocation to the chewing muscles necessary to process tough plant materials.
Although the specific pathways by which selection might result in a trophic difference in N content are still unexplored, substantial evidence does exist concerning one prediction of the adaptation-to-N-shortage hypothesis. Nitrogen limitation on herbivore fitness is sufficiently pervasive (e.g., McNeill and Southwood 1978; Mattson 1980; Strong et al. 1984; White 1993; Cook and Denno 1994; Dixon 1998) to suggest a strong potential selective advantage to changes in body composition that would lower dietary N requirements.
Excess Nitrogen for Predators?
A final class of explanations for the differences in N content between trophic levels invokes the possibility that arthropod predators may take in more N than they need. Nitrogenous wastes are generally toxic, and animal species have evolved numerous ways of excreting, sequestering, or otherwise ridding themselves of unneeded N.
On the surface at least, several lines of evidence suggest that predatory arthropods might face and be stressed by an excess of N in their diets. For example, Schizocosa wolf spiders exhibit higher survival and growth rates when feeding on collembolans than when feeding on conspecifics, which would be expected to afford predators the optimal dietary stoichiometry (Toft and Wise 1999b) . However, collembolans, for which we could find no body %N data, may in fact be very rich in N because they tend to accumulate rather than excrete N during their lifetimes (Chapman 1982; Hopkin 1997) . Similar examples involve predaceous mites (MacRae and Croft 1997) and Coccinella ladybird beetles (Yasuda and Ohnuma 1999) . However, all of these examples may confound stoichiometry with other factors affecting prey suitability, such as differences in ease of capture and in handling time (Riechert and Harp 1986; Endo and Endo 1994) . Another observation that might suggest an excess of N is the high concentration of guanine, a principal nitrogenous excretory product, in the exoskeletal pigments of spiders (Oxford 1998) . However, coloration in spiders has many functions, including crypsis, aposematism, and thermoregulation, and maintaining stored guanine costs more than evacuating it (Oxford 1998) . Thus, this nitrogenous "waste" may in fact be retained for adaptive reasons and should not necessarily be viewed as excess (see also Timmermann and Berenbaum 1999) .
Nitrogen Limitation of Insect Predators and Its Consequences for Food-Web Complexity
In contrast to the weak support for a harmful excess of N, several lines of evidence strongly suggest that dietary N limits predatory arthropods as it does herbivores. For example, reclamation of silk by web-spinning spiders (Peakall 1971; Opell 1998) and cuticle feeding in centipedes (Lewis 1981) appear to be behavioral/physiological mechanisms for N and protein conservation. Likewise, some invertebrate predator species prefer to feed on Nrich prey (Hagen 1986) , and others, when supplementing their carnivorous diets with plant material, specifically seek out the protein-rich pollen (Hagen 1986 ). Many parasitoid wasps obtain supplemental N through host feeding, in which adult wasps feed on rather than oviposit in potential hosts to secure protein for egg development (Jervis and Kidd 1986; Chan and Godfray 1993; Heimpel et al. 1997; Thompson 1999) . Preferences for N-rich prey may promote predation on other predators, leading to increased intraguild predation (Hodge 1999) . Examples of such dietary preferences include hunting spiders (Nyffeler 1999; Finke and Denno 2002) and some heteropterans (Rosenheim et al. 1993) . In several cases, intraguild predation has been shown to increase components of predator fitness (Jackson and Kester 1996; Li and Jackson 1997) . Substantial evidence indicates that, as for herbivores, experimental increases in dietary N availability can lead to increased growth, survival, and/or reproduction in predatory arthropods (tachinid flies : Bonnot 1986; spiders: Furrer and Ward 1995; Toft 1999) . Data also suggest, however, that N must be available in the appropriate form (e.g., not accompanied by prey toxins) for predators to benefit (Toft and Wise 1999a, 1999b) . This argument has been used to explain the improved performance of spiders on mixed-compared with single-species diets (Riechert and Harp 1986; Uetz et al. 1992) .
The consistent disparity in N contents of herbivorous and predatory insects (figs. 1, 3) raises the question of whether the increased N demands for body growth of predators exposes them to the risk of N limitation for their growth. Stoichiometric theory permits an estimation of this possibility. By using information about a predator's N requirements and its efficiency in retaining carbon (C) and N from ingested food (Urabe and Watanabe 1992) , one can estimate the threshold elemental ratio (TER), the prey C : N ratio above which the predator should experience a growth penalty. Expressed in terms of C : N ratios, the TER in a predator-prey interaction is given by
where is the maximum gross growth efficiency for N a N (i.e., the fraction of ingested N that the animal converts into new biomass), is the maximum gross growth effia C ciency for C (as for N), and C : N predator is the C : N ratio of predator biomass that is assumed to be specific to the predator in question and under strong homeostatic regulation. To evaluate this possibility with our data, we converted observed data for %N to a corresponding C : N ratio, assuming a mean value of 46% for herbivores and 49% for predators, giving mean C : N ratios of 5.8 and 5.1, respectively. What values of and would imply N lima a C N itation of the predator given this modest C : N imbalance? If we use an upper value for the efficiency of extracting N from the diet of ∼70% ( ), then a predator a p 0.70 N experiencing this degree of imbalance (5.8 vs. 5.1 C : N) could accomplish a C growth efficiency of ∼0.65 before encountering N limitation. An value of 0.65 is quite a C high and likely only for animals encountering high densities of prey such that basal metabolic costs and the respiratory costs of movement are relatively small proportions of the overall C balance. Note, however, that this assessment compares the mean predator and prey C : N values; particular predator-prey combinations may involve more severe C : N imbalance, making N limitation of the predator more likely. For example, in our data set, herbivorous aphids have a very low N content (C : N ∼9.6), whereas the aphid-specialist predator Hippodamia parenthesis has a high N content (C : N ∼4.4). For this predatorprey combination, predator growth with of 0.65 would a C be N limited no matter how efficient the predator was at extracting N. Assuming , this predator would a p 0.7 N only be able to grow with without experiencing a ≤ 0.33 C N limitation. Southwood (1973) reported that the energetic efficiency of predators (comparable to ) ranged a C from 0.38 to 0.51. Clearly, our calculations are approximate, and detailed data on C and N metabolism on particular prey-predator pairs are needed to characterize these thresholds more precisely. Nevertheless, these calculations suggest that stoichiometric growth limitation by N is a real possibility for predaceous insects. Thus, N-limited consumer growth, already well documented at the herbivore level (White 1993) , may extend to the third trophic level in some terrestrial food webs.
A broad ecological implication of the foregoing discussion is that N limitation of predatory insects (and perhaps terrestrial arthropod predators in general) may contribute to the stability and complexity of terrestrial arthropod food webs by favoring predation on other predators (see Fagan 1997; McCann and Hastings 1997) . It has long been recognized that terrestrial arthropod food webs exhibit a high frequency of broadly generalized predators, extensive predation across multiple trophic levels, and high connectance (e.g., Polis 1991; Denno et al. 2002) . Further evidence that N limitation contributes to intraguild predation and trophic complexity in terrestrial food webs could come from additional data showing higher N in predators that specialize in feeding on other predators such as obligate hyperparasitoids or lynx spiders (Oxyopidae). A suggestive example in our data set is the spider-feeding pompilid wasp, whose 12.5% N content is one of the highest among the 152 species we surveyed. Such data would also indicate whether enrichment of N content across trophic levels continues upward through the food web beyond herbivore-predator linkages. This line of reasoning is developed in more detail elsewhere (Denno and Fagan 2003) .
Nitrogen Content Variation among Major Herbivore Lineages
Correlation of N content with phylogeny is most strongly evident at the ordinal group level. This variation gives the appearance of a phylogenetic trend toward decreased %N in successively more recent groups ( fig. 1 ), particularly if only the terrestrial groups are considered. The alternative, depending on how %N is expressed, would be that only Panorpida, or only Panorpida and lower Neoptera, are different from the rest. The trend hypothesis cannot be ruled out, but our database does not include enough of the branch points on the ordinal phylogeny to provide a rigorous test of the kind proposed, for example, by Sidor (2001) . In contrast with the signal at the ordinal group level, N content shows relatively little correlation with phylogeny at lower taxonomic levels, leading to the conclusion that the biological characteristics influencing N content may evolve relatively rapidly. This conclusion does need qualification, however. First, the apparent degree of variation at lower taxonomic levels includes any nongenetic sources of variation and would presumably be lower if experimental methodology had been standardized, as discussed earlier. Second, the rarity of significant phylogenetic signals as judged from our PTP analyses is likely due, in part, to the fact that our database represents a sparse and haphazard sampling of the millions of extant species of insects. For example, there are relatively few multiply represented genera in our database, but a number of congeneric pairs have strikingly similar values. It does seem clear, however, that N content is much less conserved than trophic level, for which the phylogenetic signal is strong in our database.
Variation in %N among herbivore lineages, like that between trophic levels, could arise from several causes. For example, it could result from current natural selection, representing a direct adaptation of body composition to differences in dietary N. Alternatively, the signal could represent a secondary effect of evolution in other traits, such as the potential need for greater commitment to muscle (a high-N body constituent) in herbivores feeding on relatively tough plant material (Bernays 1986 ).
Yet another class of explanations would ascribe amonglineage variation in %N to the retention of adaptations to previous, rather than current, selective regimes, a process sometimes referred to as phylogenetic constraint or inertia. Several such historical influences on %N can be imagined.
Time since Adoption of Phytophagy. Full adjustment of body N content to a change in trophic habits might entail many independent genetic changes and require considerable evolutionary time. If so, we might expect extant representatives of lineages that have only recently adopted phytophagy to show higher N requirements than species with a longer history of phytophagy, if both evolved phytophagy from the same antecedent habit. A variant of this hypothesis is that, if N efficiency facilitates herbivore success, the more recently differentiated members of a phytophagous clade might be expected to have lower N than those arising earlier. Our analysis of the Lepidoptera, in which the N content of the advanced clade Macrolepidoptera is marginally lower than more primitive lineages ( for P ! .05 a one-tailed test only), might reflect such a trend, but much broader sampling of basal lepidopterans is needed.
Antecedent Habit to Phytophagy. If evolution of body nutrient content occurs slowly, then assuming equal time for evolutionary change, we might expect higher N content in lineages that evolved plant-feeding from ancestral use of high-N foods. For example, herbivore lineages descended from predators should have higher N content than those descended from detritivores.
Ambient N Stress at Time of Origin. Plant nutrient content varies strongly with ambient light, temperature, and CO 2 availability (Greenwood 1976; Peñuelas and Matamala 1990; Yin 1993; Marschner 1995; Bezemer and Jones 1998; Curtis and Wang 1998) , all of which have fluctuated markedly over geological time (Berner 1994 (Berner , 1998 Cerling et al. 1998) . Sufficient evolutionary inertia could result in phytophagous clades that originated during N-stress episodes showing lower N requirements than those that originated at other times.
Some anecdotal evidence suggests that past episodes of N stress have led to the evolution of novel insect structures and/or feeding strategies possibly related to nutrient availability. For example, major elevations of atmospheric pCO 2 , lasting a few tens of millions of years and reaching CO 2 concentrations 10-fold higher than those just before the Industrial Revolution (2,000-3,000 vs. ∼280 ppmv), occurred during the Permian (275-325 million years ago) and again in the Jurassic (150-225 million years ago; Berner 1994; Ekart et al. 1999) . Given that plant C : N ratios have increased in response to the relatively modest increases in CO 2 levels in historic times (Peñuelas and Matamala 1990) , it seems plausible that these substantially larger ancient increases in atmospheric CO 2 may also have influenced plant nutritional chemistry and accentuated N shortage for herbivores (and possibly other trophic levels). Perhaps not coincidentally, each of these paleoatmospheric CO 2 spikes coincides with the origin of several major phytophagous insect clades (Labandeira and Sepkoski 1993; Labandeira et al. 1994; Burmester et al. 1998) . Similarly, pollen feeding, which can provide a major nutritional supplement to N-poor diets, seems to have two major origins, once in the early Permian and then again during the Jurassic (Krassilov and Rasnitsyn 1997; Labandeira 1997 Labandeira , 1998 . Cerling et al. (1998) have linked the late-Miocene global expansion of C 4 plants (which are generally N poor because of their reduced requirements for N-rich Rubisco; Marschner 1995) to the evolution of mammalian grazers, and insects might have been affected as well. Although our current database is insufficient for such analyses, in the future it will be desirable to test both current-adaptation and historical hypotheses simultaneously via an expanded factorial analysis like the one already employed in this study.
Implications for Insect Diversification
Hypotheses invoking phylogenetic constraint or inertia to account for variation in N content carry a further implication concerning the possible influence of N requirements on the relative diversification rate of insect herbivore lineages. If N limitation is ubiquitous and severe and only rarely or slowly ameliorated by adaptation, then herbivore lineages that do acquire such adaptations may enjoy an increase in mean individual fitness translating into an increased rate of speciation, lowered rate of extinction, or both. Thus, differential diversification among herbivore lineages could result, in part, from their differential ability to thrive on low-N diets. It is also possible that adoption of herbivory presents fewer barriers and will occur more readily from antecedent habits that preadapt insects to the low N content of plants. The fact that phytophagy has originated primarily from detritivorous rather than carnivorous ancestry (Mitter et al. 1988 ) might reflect the difficulty of switching from a high-to a low-N food source. Postulates of this kind deserve test. While the differential success of herbivore lineages has been more often ascribed to their ability to overcome plant defenses including secondary chemistry (e.g., Ehrlich and Raven 1964; Farrell et al. 2001) , our results suggest that it may be time to reexamine the influence of basic nutrients on major features of insect evolution.
